Although many single nucleotide polymorphisms (SNPs) have been identified to be associated with metabolic syndrome (MetS), there was only a slight improvement in the ability to predict future MetS by the simply addition of SNPs to clinical risk markers. To improve the ability to predict future MetS, combinational effects, such as SNP-SNP interaction, SNP-environment interaction, and SNP-clinical parameter (SNP × CP) interaction should be also considered. We performed a case-control study to explore novel SNP × CP interactions as risk markers for MetS based on health check-up data of Japanese male employees. We selected 99 SNPs that were previously reported to be associated with MetS and components of MetS; subsequently, we genotyped these SNPs from 360 cases and 1983 control subjects. First, we performed logistic regression analyses to assess the association of each SNP with MetS. Of these SNPs, five SNPs were significantly associated with MetS (P < 0.05): LRP2 rs2544390, rs1800592 between UCP1 and TBC1D9, APOA5 rs662799, VWF rs7965413, and rs1411766 between MYO16 and IRS2. Furthermore, we performed multiple logistic regression analyses, including an SNP term, a CP term, and an SNP × CP interaction term for each CP and SNP that was significantly associated with 
Introduction
Metabolic syndrome (MetS) is characterized by a clustering of metabolic abnormalities, including central obesity, insulin resistance, dyslipidemia, and hypertension; moreover, it has been identified as a common precursor to the development of cardiovascular disease (CVD) [1] . The prevalence of MetS has been increasing in Japan during recent decades as a result of changes in diet and physical activity [2] . According to a survey by the Ministry of Health, Labor, and Welfare of Japan in 2007, one out of three males aged 30 to 59 years, who occupy the majority of Japanese employees, were strongly suspected of having or were likely to develop MetS [3] . National health insurers began conducting annual health check-ups of all customers between the ages of 40-74 in April 2008 [4] . There is an urgent need to find appropriate and sensitive risk markers to identify individuals at high risk for developing MetS and thereby prevent further increase in its incidence.
To explore risk markers for predicting MetS development, many studies have been performed utilizing health check-up data among different groups of people, such as company employees [5] , people in hospitals [6, 7] , and members of various communities [8] . In these studies, many commonly measured clinical parameters (CPs) from routine health check-ups were reported to be associated with MetS. For example, Tao et al. reported that hematological parameters, such as white blood cell (WBC) count, low-density lipoprotein (LDL) cholesterol, and glutamic-pyruvic transaminase (GPT) were associated with MetS based on the health check-up data of a Beijing adult population [7] . These clinical parameters are expected to be clinical risk markers for MetS development.
In some studies, several combinations of clinical risk markers have also been explored based on health check-up data. We have previously shown that the combination of the γ-glutamyl transpeptidase (γ-GTP) level and WBC count was the most significant combinatorial risk marker associated with MetS based on the health check-up data of company employees [5] . We have also proposed the ratio of adiponectin to homeostasis model assessment of insulin resistance (A-H ratio) [8] as a combinational risk marker for MetS development based on community-based health check-up data. There is, however, a need to identify new combinational risk markers.
It is also known that genetic factors contribute to the development of MetS and MetS components (e.g., central obesity, insulin resistance, dyslipidemia, and hypertension). Recently, many single nucleotide polymorphisms (SNPs) that are associated with MetS and MetS components have been identified through candidate gene studies [9] and genome-wide association studies (GWAS) [10, 11] . Although these SNPs were expected to be genetic risk markers for the development of MetS and MetS components, there are several problems that need to be resolved. First, most of the common variants, such as SNPs, confer relatively small increments in risk (1.1-1.5-fold) with regard to the development of common diseases, such as MetS and MetS components, and explain only a small proportion of heritability, which is the portion of phenotypic variance in a population that is attributable to additive genetic factors [12] . Additionally, there was only slight improvement in the ability to predict future MetS and MetS components by the simply addition of SNPs to clinical risk markers. For example, for predicting future type 2 diabetes, which is one of MetS components, the simply addition of 11 SNPs to clinical risk markers resulted in a slight increase in the area under the receiver operatingcharacteristic curve from 0.74 to 0.75 [13] . To improve the ability to predict future MetS and MetS components, combinational effects, such as SNP-SNP interaction, SNP-environment interaction, and SNP-clinical parameter (SNP × CP) interaction, should be also considered. Recently, some SNP × CP interactions have been reported as risk markers. For example, Manning et al. applied a joint meta-analysis approach to test associations with fasting glycemic traits and insulin resistance, which is thought to play a prominent role in MetS [14] , on a genome-wide scale. Their results demonstrated that an interaction term between body-mass index (BMI) and an SNP that is located in an intergenic region between the COBLL1 and GRB14 is significantly associated with fasting insulin levels [15] . There is, however, a need to identify new SNP × CP interactions as risk markers for MetS development.
In this study, we performed a case-control study to explore novel SNP × CP interactions as risk markers for MetS based on health check-up data of Japanese male employees. We selected 99 candidate SNPs that were previously reported to be associated with MetS, MetS components, and coronary atherosclerosis. Subsequently, we screened SNPs that were significantly associated with MetS and explored SNP × CP interactions for association with MetS development. The explored interaction effect demonstrated in this study is expected to be utilized as a risk marker for MetS development. By combining conventional CP and SNP data, we can estimate the risk of future MetS development.
Materials and Methods

Study subjects
This study is case-control study for MetS, and part of an ongoing cohort, prospective observational study of MetS and chronic kidney disease (CKD). This original study has been following 33776 participants who underwent annual health check-ups for Toyota Motor Co., Ltd in both 2001 and 2009. Of these volunteers, 360 case subjects and 1983 control subjects who satisfied the definitions of cases or controls and attended health check-ups in 2011 or 2012 were randomly enrolled. Health check-up data were collected in 2001 and 2009, and DNA samples were obtained from case and control subjects in 2011 or 2012. This study was performed according to the guidelines of the Declaration of Helsinki. The study protocol was approved by Human Genome, Gene Analysis Research Ethics Committee of Nagoya University School of Medicine, and all participants provided written informed consent.
Definitions of cases and controls
This study is a case-control study, and subjects who satisfied the definitions of cases or controls and attended health check-ups in 2011 or 2012 were randomly enrolled for this study. Health check-up data were collected in 2001 and 2009, and case / control groups were defined post hoc in 2009, while individuals meeting the criteria for MetS in 2001 were excluded. We used the criteria proposed by the Examination Committee of Criteria for the Metabolic Syndrome in Japan [16] 
Measurements of CPs
The health examinations performed in 2001 and 2009 included physical measurements and serum biochemical measurements. Physical measurements of height, weight, and BMI were measured in the fasting state. Waist circumference was only measured in 2009. SBP and DBP were measured in the sitting position. Blood samples were obtained from subjects who had fasted for serum biochemical measurements. After the subject had rested for 10 min in the sitting position, 14 mL of blood was collected from the antecubital vein into tubes containing ethylenediaminetetraacetic acid (EDTA). After blood samples were sent to a clinical laboratory testing company, biochemical measurements were determined according to standard laboratory procedures. The study included the biochemical measurements of the following: (1) lipids: total cholesterol, triglyceride, and HDL-cholesterol; (2) carbohydrates: FBS; (3) hematology: red blood cell (RBC) count, white blood cell (WBC) count, hemoglobin (Hb), and platelet (PLT) count; (4) nonprotein nitrogenous compounds: uric acid (UA); and (5) serum enzymes: aspartate aminotransferase (AST), alanine aminotransferase (ALT), and γ-glutamyl transpeptidase (γ-GTP).
Selection of SNPs
Using public databases, such as PubMed and Online Mendelian Inheritance in Man, we selected 99 candidate SNPs that have been characterized and are associated with coronary atherosclerosis or vasospasm, obesity, hypertension, dyslipidemia, diabetes mellitus, hyperuricemia, or renal disease based on a comprehensive overview of vascular biology, coagulation and fibrinolysis cascades, platelet and leukocyte biology, as well as lipid and glucose metabolism and other metabolic factors (S1 Table) .
Genotyping SNPs
All SNPs were genotyped using the DigiTag2 assay [17] as previously described. Briefly, target fragments (including target SNP sites) are prepared by multiplex PCR from genomic DNA. A multiplexed oligonucleotide ligation assay was performed, and a labeling reaction was achieved with two 5 0 query probes and one common probe prepared for a single SNP site. The 5 0 query probes had a sequence complementary to the 5 0 -flanking region of the target SNP, and each of the probes had an allele-specific sequence. Two types of end digit (ED), CCGTGTCCACTCTA-GAAAAACCT and ACCACCGCTTGAATACAAAACAT, were attached to each of the 5 0 query probes. The 3 0 query probes had a sequence complementary to the 3 0 -flanking region of the target SNP, and each of the probes had a first digit (D1) on its 3 0 end. Next, a hybridization reaction with D1 probes on a DNA microarray (NGK Insulators, Ltd, Nagoya, Japan) was performed with separated areas. The genotyping success rate was > 99.8%. SNP rs1862513 was excluded from analysis because there was evidence of departure from the Hardy-Weinberg equilibrium (P < 0.05). Consequently, 98 SNPs remained for analysis. Primers, probe sequences, and PCR conditions for genotyping are shown in S2 Table and S3 Table. Study design
This study is a case-control study based on a prospective cohort data. The aim of this study is to identify interactions between SNPs and CPs from the 2001 data that successfully predicted MetS that was diagnosed in 2009. The explored interaction effect is expected to be utilized as a risk marker for MetS development. From the combined data of conventional CPs from 2001 and the SNPs, the risk of MetS development by 2009 could be estimated for each subject. To reduce false-positive interactions, we applied a two-step approach. We initially performed a screening analysis using the 98 SNPs. In this screening analysis, the cutoff P value was defined as less than 0.05 for logistic-regression analysis with adjustment for age. From the screening study, we selected five SNPs that were significantly associated with MetS. We then performed an interaction analysis to assess interactions between the five SNPs and 15 CPs that were measured in 2001 for predicting MetS that was diagnosed in 2009, including BMI, SBP, DBP, total cholesterol, HDLcholesterol, triglyceride, FBS, RBC, WBC, Hb, PLT, UA, AST, ALT, and γ-GTP.
Statistical analysis
The Hardy-Weinberg equilibrium was assessed using the Fisher's exact test. Simple comparison of characteristics between case and control groups was carried out using the Mann-Whitney U test, Fisher's exact test, and Student's t-test. In the screening analysis, the associations between each SNP and MetS diagnosed in 2009 were assessed using logistic regression analysis with adjustment for age. We coded genotypes as 0, 1, or 2, depending on the number of copies of the minor alleles, for the multiple logistic regression analysis. In the interaction analysis, multiple logistic regression analyses, including an SNP term, a CP term, and an SNP × CP interaction term were performed for each combination of 15 clinical parameters and five SNPs that were statistically significant in the screening analysis. In the interaction analysis, the logistic regression models were fit as:
where p case is the probability that the subject is affected by MetS. x SNP is the genotype coded as 0, 1, or 2 for each SNP. μ SNP is the mean value of x SNP for each SNP. z CP is standardized value of each clinical parameter value. N MetS is the number of MetS components. N MetSex is the number of MetS components excluding obesity. Model 1 was used to explore interactions that are significantly associated with MetS. Models 2 and 3 were used to assess that the interaction was independent of the contribution of MetS components to MetS. Given that the distributions of HDL-cholesterol, triglyceride, RBC, WBC, Hb, PLT, UA, AST, ALT, and γ-GTP levels were skewed, these clinical parameter values were logarithmically transformed. To reduce the multi-collinearity, we centered genotypes for each SNP, x SNP , by subtracting the mean value from each genotype value, μ SNP , and standardized CP values to z CP [18] . We transformed PLT count into a dichotomous value, based on median value of PLT count across all subjects (equal to 23.8×10 /μL. We compared the risk of MetS with regard to a combination of rs7965413 and dichotomous PLT count in an age-adjusted logistic regression model using the group with the CC genotype of rs7965413 and PLT count of < 23.8×10 4 /μL as a reference group. Linear regression analysis with adjustment for age was performed to assess the association of rs7965413 with PLT count in each case and control group. The heterogeneity of the regression coefficient between case and control groups was tested by the χ 2 -based Cochrane's Q statistic. Statistical analysis was performed using R (www.r-project.org), PLINK [19] , and METAL [20] softwares. In the interaction analysis, the significance level α was determined by dividing 0.05 by the number of CPs for Bonferroni correction (α = 0.05 / 15 = 0.0033). Otherwise, P < 0.05 was considered statistically significant.
Results
Characteristics of subjects
The characteristics of the study subjects in 2001 and 2009 are shown in Tables 1 and 2 . There were significant differences among all characteristics between case and control groups in both 2001 and 2009. Of these characteristics, the number of MetS components and MetS components excluding obesity were the most significantly different between case and control groups in both 2001 and 2009. 
Screening analysis
We initially assessed the association between MetS diagnosed in 2009 and 98 genotyped SNPs. Five out of 98 SNPs were found to be significantly associated with MetS (Table 3 and S4 Table) , with VWF rs7965413 among those with the lowest P value [OR = 0.81, 95% confidence interval (CI) = 0.69-0.96; P = 0.012].
Interaction analysis
Based on the results of the screening analysis, we focused on the five SNPs listed in Table 3 for further analysis. To explore SNP × CP interactions for MetS, we performed multiple logistic regression analyses including an SNP term, a CP term, and an SNP × CP interaction term. MetS was found to be significantly associated with an interaction between VWF rs7965413 and PLT in Model 1 (Table 4 and S5 Table) . Furthermore, this association of the SNP × CP interaction Categorical data are n values (%). The numbers of MetS components are mean ± SD.
doi:10.1371/journal.pone.0117591.t002 Table 3 . Five SNPs that were nominally significantly associated with MetS in the screening study. with MetS remained nominally significant in multiple logistic regression analysis after adjustment for the number of MetS components in Model 2 and significant after adjustment for the number of MetS components excluding obesity in Model 3 (Table 4) . Furthermore, we transformed PLT count into a dichotomous value based on the median value of platelet count across all subjects, which was equal to 23.8×10 4 /μL and assessed an interaction effect between SNP rs7965413 and dichotomous PLT for MetS (Fig. 1) . Multiple logistic regression analysis showed a significant interaction between SNP and dichotomous PLT for MetS (OR = 1.52, 95% CI = 1.09-2.12; P = 0.014). Among rs7965413 genotypes, OR was unchanged in subjects with PLT count ! 23.8×10 4 /μL, which is the median value of PLT count in the study participants. On the other hand, in subjects with PLT count < 23.8×10 4 /μL, OR decreased as the number of minor allele T increased. 
SNP
VWF rs7965413 and PLT count
Finally, we assessed the association of rs7965413 with PLT count in each group of cases and controls. In the case group, the minor allele T of rs7965413 was significantly positively associated with PLT. In the control group, the minor allele T was significantly negatively associated with PLT (Table 5 ). There was significant heterogeneity between case and control groups (I 2 = 90.2; P = 0.001).
Discussion
We performed a case-control study of MetS based on the health check-up data of Japanese male employees and found significant associations of five SNPs with MetS, including LRP2 rs2544390, rs1800592 between UCP1 and TBC1D9, APOA5 rs662799, VWF rs7965413, and rs1411766 between MYO16 and IRS2. Furthermore, we identified a novel SNP × CP interaction for MetS, which was the interaction between VWF rs7965413 and platelet count. These SNPs and associated interaction are expected to be useful as risk markers for MetS development. As shown in Tables 1 and 2 , all characteristics, including CPs directly related to MetS, such as BMI, blood pressures, and cholesterols, as well as characteristics indirectly related to MetS, significantly differed between case and control groups. Of the CPs not directly related to MetS, levels of erythrocyte parameters, including RBC count, WBC count, hemoglobin, and PLT count in the case group were significantly higher than those in the control group. Several crosssectional and longitudinal cohort studies have demonstrated that elevated erythrocyte parameters were associated with MetS [6, 7, 21] . Furthermore, Taniguchi et al., in their study on nonobese Japanese type 2 diabetes patients, found platelet count to be an independent predictor of insulin resistance [22] . Insulin resistance is thought to play a prominent role in MetS [14] . Our results were consistent with these reports.
As shown in Table 3 , we found that VWF rs7965413 was significantly associated with MetS. VWF rs7965413 is located in the promoter region of the VWF gene. The VWF gene encodes von Willebrand factor (vWF). vWF promotes platelet adhesion and aggregation at sites of vascular injury, so it plays a prominent role in the formation of arterial thrombus [23] . Mutations in the VWF gene cause von Willebrand disease because of deficiency of vWF. It was also reported that vWF was associated with insulin level and insulin resistance [24] . For example, in a cross-sectional study, Meigs et al. reported that vWF antigen (vWF:Ag) level in men significantly increased across insulin quintiles [25] . Furthermore, vWF was reported to be associated with homeostasis model assessment-insulin resistance, which is an index of insulin resistance, and MetS [26] . Thus, an association between vWF plasma levels and CVD is expected and has been investigated. Several studies have reported that elevated vWF levels are positively associated with risk for coronary heart disease (CHD) [27, 28] . Keightley et al. reported that the T allele (A allele in that study) of the VWF promoter variant rs7965413 had significantly lower vWF: Ag levels than the C allele (G allele in that study) [29] in a population of healthy individuals. In a case-control study, van der Meer et al. reported that a VWF promoter variant that was different from rs7965413 was also associated with risk for CHD [30] . However, because other studies could not detect an association with CHD [31] , it is unclear if VWF promoter variants contribute significantly to CVD risk. We found that risk of MetS decreased as the number of T alleles of rs7965413 increased. This result may indicate a causal relationship between rs7965413 and CVD that is mediated via vWF:Ag and MetS.
As shown in Table 4 , we identified a novel SNP × CP interaction between rs7965413 and platelet count significantly associated with MetS. This association of the SNP × CP interaction with MetS remained nominally significant in multiple logistic regression analysis after adjustment for the number of MetS components and significant after adjustment for the number of MetS components excluding obesity. This result indicates that this SNP × CP interaction is an independent risk marker for MetS. As described above, rs7965413 contributes to vWF:Ag levels, and vWF promotes platelet adhesion. The statistical interaction term between rs7965413 and platelet count is expected to reflect the biological interaction between vWF and PLT. This result reveals new information regarding platelet count as a risk marker for MetS. Moreover, for rs7965413, frequencies of the T allele across different ethnicities were as follows: African, 0.372; American, 0.445; Asian, 0.427; European, 0.621 in the 1000 Genomes Project Phase I version 3. This SNP was observed across different races, so the interaction may also be observed in other race/ethnic groups.
We found the association of rs7965413 with PLT count in both case and control groups. A GWAS recently showed that an SNP upstream of VWF, rs7342306, was associated with platelet count [32] . Although we did not genotype rs7342306, there was weak linkage disequilibrium (LD) between this SNP and rs7965413 in the 1000 Genomes Project Phase I version 3 ASN (r 2 = 0.123, D' = 0.401). Thus, the contribution of rs7965413 to platelet count is expected to be independent of the contribution of rs7342306 to platelet count. Our results indicate significant heterogeneity between case and control groups. The association of rs7965413 with platelet count might not be detected in the GWAS because of this heterogeneity. It was also reported that variants in the VWF gene were associated with traits related to blood pressure, which was one of MetS components. Ruixing et al. reported that VWF rs1063856 (Thr789Ala) was significantly associated with hypertension in women [33] . Defago et al. reported that VWF rs2239153 was significantly associated with salt sensitivity [34] . These variants were weak LD with rs7965413 in the 1000 Genomes Project Phase I version 3 ASN (r 2 = 0.0, D' = 0.013 for rs1063856; r 2 = 0.066, D' = 0.288 for rs2239153). Thus, the contribution of rs7965413 to MetS is expected to be independent of the contribution of these variants to blood pressure. As shown in Table 3 , we found that four other SNPs were significantly associated with MetS: LRP2 rs2544390, rs1800592 between UCP1 and TBC1D9, APOA5 rs662799, and rs1411766 between MYO16 and IRS2. Of these SNPs, APOA5 rs662799 was frequently reported to be associated with MetS and dyslipidemia, which was one of MetS components, based on several populations, including Japanese [35] , Chinese [36] , and Caucasian [37] populations. Our results are consistent with these reports. SNP rs1800592 between UCP1 and TBC1D9 is an A!G point mutation at the-3826 position in the 50 flanking region of the UCP1 gene. The UCP1 gene is a candidate gene for obesity and type 2 diabetes mellitus because the gene has been found to decrease mitochondrial membrane potential and increase thermogenesis [38] . Many association studies were conducted in various populations to elucidate the association of rs1800592 with obesity phenotypes, diabetes mellitus, and lipid/lipoproteinrelated disease, but the results have been controversial [39, 40] . Our results indicate a significant association of this SNP with MetS. However, the associations of this SNP with obesity, diabetes, and lipids were not replicated in our data (results not shown). LRP2 rs2544390 is located in the LRP2 gene. It has been reported that the T allele of this SNP is associated with higher serum UA [41] . Our results indicate that the T allele was associated with risk of MetS development. However, the association of this SNP with UA was not replicated in our data (results not shown). SNP rs1411766 localizes to an intergenic region~384 kb telomeric to MYO16 and 120 kb centromeric to IRS2. This SNP was reported increase susceptible to diabetic nephropathy, as determined by a GWAS in European-American subjects with type 1 diabetes [42] and was also observed to be associated with susceptibility to diabetic nephropathy in a Japanese population with type 2 diabetes [43] . Obesity, hypertension, and other MetS components are expected to either cause or exacerbate the progression of nephropathy, independent of diabetes [44] . The rs1411766 was both a risk allele for diabetic nephrology as well as MetS development in our study. Although the function of rs1411766 has not been understood, this SNP may contribute to the development of MetS components excluding diabetes and result in the development of diabetic nephropathy.
Our study has some limitations. First, this is a case-control and exploratory study that does not establish a cause-and-effect relationship. Future studies are thus necessary to evaluate the predictive potential of SNP × CP interactions as risk markers in prospective cohorts. We assumed that the interaction is linear; that is, the per-allele effect of an SNP changes across the continuous spectrum of a CP. However, if the interaction effect is nonlinear or a threshold effect exists, in which case the association would only be present in one extreme of the CP distribution, this analysis is not suitable and other analytical methods should be applied.
In conclusion, our data demonstrate associations of five SNPs with MetS and of an interaction between SNP rs7965413 and platelet count for MetS. Our results reveal new insight into PLT count as a risk marker for MetS.
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